ABSTRACT. The effect of the bipyridine compound, amrinone, on tension generation in neonatal and adult myocardium was studied over the concentration range 30-500 pglmL. Increasing concentrations of amrinone caused a monotonic increase in twitch tension and the rate of tension development in adult papillary muscles. In contrast, lower concentrations of amrinone (30 and 100 pg/mL) caused a decrease in twitch tension and dP/dt in newborn papillary muscles, whereas 500 pg/mL amrinone caused a significant increase in both parameters in the younger age group. Lactic acid, used to dissolve amrinone, was shown to have no effect on tension development. Half relaxation time was decreased in adult preparations at all concentrations of amrinone. In comparison, the decrease in half relaxation time produced by amrinone in the newborn was significant only at a concentration of 500 pg/mL. Action potential duration in the newborn was significantly shortened by 30 pg/mL amrinone. In voltage clamp experiments, 30 pg/mL amrinone was shown to have no effect on tension accompanying two second voltage clamp steps to the plateau potential in newborn myocardium. Developed tension at 400 ms into the clamp step, final tension, and the ratio of early peak tension to final tension were all unchanged by the low concentration of amrinone. In contrast, 500 pg/mL amrinone in the newborn increased tension at 400 ms and final tension but had no effect on the ratio of early peak tension to final tension. These results suggest that the negative inotropic effect of lower concentrations of amrinone on neonatal myocardium is the result of changes in action potential configuration and not a true alteration in basic mechanisms of intracellular Ca2+ regulation. Further, the positive inotropic effect of higher concentrations of amrinone appears to result from enhancement of transmembrane Ca2+ influx as well as augmentation of Ca2+ sequestration and rerelease by the sarcoplasmic reticulum. (Pediatu Res 27: 144-147,1990) Abbreviations SR, sarcoplasmic reticulum dP/dt, the first derivative of tension development HRT, half relaxation time TdO0, tension measured at 400 ms into a voltage clamp step
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In our study, the dose response curve for amrinone has been extended into a previously unexplored concentration range revealing a biphasic response of neonatal myocardium to increasing concentrations of amrinone. The mechanism underlying both the negative inotropic effect of low dose amrinone and the biphasic response to an extended range of amrinone concentrations in the newborn have been explored using the single sucrose gap voltage clamp technique. This approach has been used previously in developing myocardium to determine the contribution to tension generation of membrane electrical activity and transsarcolemmal Ca2+ influx as compared to other steps in excitation contraction coupling such as Ca2* release from the SR (13, 14) .
MATERIALS AND METHODS
Preparation and experimental apparatus. Studies were carried out using right ventricular papillary muscles (0.3-0.9 mm in diameter) from newborn (< 10 d of age) and adult New Zealand White rabbits. Animals were heparinized (150 U/kg), and anesthetized with intravenous or intraperitoneal sodium pentobarbital(50 mg/kg). The heart was rapidly excised and muscles were isolated and placed in a three-compartment single sucrose gap chamber. Only one papillary muscle was dissected from each animal. Preparations were stimulated at 12 shocks/min by passing current across the sucrose gap to depolarize the physiologic portion of the muscle. Membrane potential was measured using conventional 3 M KC1 filled glass microelectrodes. Tension was measured using a Grass (Quincy, MA) force-displacement transducer (model FT03C), and dP/dt was measured using a Gould (Cleveland, OH) differentiator (model 13-4214-01). All physio-logic parameters were recorded on a Gould chart recorder (Brush model 440) at 25 mm/s or photographed from a Tektronix (Beaverton, OR) storage oscilloscope (model 5 1 13) for later measurement and analysis. Because the size of preparations in the physiologic portion of the experimental chamber was variable, twitch tension and dP/dt are reported as a percentage of control values.
HRT was measured from the peak of the twitch to the point at which tension returned to 50% of peak twitch height. HRT was used as a measure of 7, the time constant of relaxation (1 5) as follows. Relaxation was assumed to follow an exponential time course. Accordingly, where T, = tension during relaxation; A = a constant; t = time, and T = the relaxation time constant.
It follows that if t is set to 0 at the peak of the twitch, A~-(O/T) /Ae-(HRT/r) = 2 By rearranging the equation and taking the log of both sides, or HRT is proportional to 7.
Action potential duration was measured from the upstroke of the action potential to the point at which a line drawn tangent to rapid repolarization (phase 3) crossed the resting potential. In some experiments this measurement was performed on action potentials measured by electrodes spanning the sucrose gap (1 6).
Individual muscles were used in either dose response or voltage clamp experiments but not both. Amrinone dose response experiments were performed on two groups of muscles, an adult group ( n = 6) and a neonatal group ( n = 7). Voltage clamp experiments were performed on two groups of neonatal muscles, a low dose amrinone group ( n = 5) and a high dose amrinone group ( n = 6). To insure that the three groups of neonatal papillary muscles were not different, the mean control twitch tension was compared between groups using a two-tailed t test and found not to be significantly different (newborn dose response group, 72 f 9 mg; low dose amrinone group, 64 + 15 mg; high dose amrinone group; 9 1 f 13 mg, mean + SEM, p >
0.1).
Solutions. Four basic solutions were used. The composition is given below in mM. Tyrode's solution: NaC1, 120; CaC12, 1.5; glucose, 5.6; MgC12, 1.0; KCl, 4.0; NaHC03, 25; and NaH2P04, 0.44. Isosmotic sucrose: sucrose, 280 (sucrose dissolved in deionized water contaminated with M MnS04). KC1-Tyrode's: KCl, 128; KHCO,, 24.
Fresh amrinone stock solution was prepared daily by dissolving 100 mg of amrinone in 0.6 mL of 0.5 N lactic acid and diluting to 10 mg/mL. Stock solution was added to Tyrode's solution to achieve final amrinone concentrations of 30, 100, 200, and 500 pg/mL. All solutions were bubbled with 95% 02, 5% C01 and, if necessary, up to 5 mM additional NaHC03 was added to maintain the pH in the range 7.37-7.43.
Control solutions were prepared containing concentrations of lactic acid identical to the lactic acid concentrations in the solutions containing amrinone, The concentrations are 0.24,0.8, 1.6, and 4.0 mM (corresponding to solutions containing 30, 100, 200, 500 pg/mL of amrinone, respectively).
Experimental procedure. To determine dose response curves, amrinone was added to Tyrode's solution bathing the physiologic portion of the preparation after a 90-min equilibration period. The concentration of amrinone was increased sequentially (30, 100, 200, 500 pg/mL) every 15 min. Measurements of physiologic parameters (tension, dP/dt, HRT) were made before addition of amrinone and at the end of each 15-min test period.
In voltage clamp experiments, after the initial equilibration period, 2 s voltage clamp steps to + 10 mV were imposed. Muscles were then exposed to amrinone at a concentration of either 30 or 500 pg/mL for 15 min and the clamp steps repeated. Before and after addition of amrinone measurements were made of T40O and TtOni,. In addition, the PIT ratio was calculated. Statistical methods. Dose response curves were constructed using data expressed as percent of control and evaluated using an analysis of repeated measures (17) . Measurements of experimental variables were considered significantly different from control if the control value (100%) was outside the 95% confidence limits around the mean for the measurement. Action potential duration and tension measurements from voltage clamp experiments, pre-and postamrinone, were compared using paired, two-tailed t tests. Differences were considered significant at p < 0.05.
RESULTS
Effects of amrinone on twitch tension and dP/dt. Figure 1 shows original records from a typical dose response experiment. In adult heart. twitch tension increased with each increase in amrinone concentration. In contrast, twitch tension decreased in the newborn at amrinone concentrations of 30 and 100 pg/mL. However, twitch tension increased significantly in the newborn at an amrinone concentration of 500 pg/mL. The results for all dose response experiments are summarized in graphical form in Figure 2 .
Effects of lactic acid on tension. Because amrinone must be dissolved in lactic acid, experiments were camed out to determine the effect of lactic acid alone on tension development. As shown in Figure 3 , lactic acid had no significant effect on twitch tension in either age group.
Effect of amrinone on relaxation.
To test the effect of amrinone on relaxation, HRT was measured in each age group at each concentration of amrinone. HRT is plotted as a function of amrinone concentration in Figure 4 . Amrinone caused a significant decrease in HRT in the adult at all concentrations tested. In contrast, in the newborn, relaxation was unchanged by amrinone at concentrations below 200 pg/mL. The decrease in HRT produced by amrinone in the newborn was significant only at a concentration of 500 pg/mL.
Effect of low dose amrinone on action potential duration.
To determine whether changes in membrane electrical activity might partially account for the negative inotropic effect of low dose amrinone in the newborn, action potential duration was measured just before and immediately after a 15-min exposure to 30 pg/mL amrinone. Action potentials were recorded for 11 newborn muscles, six from the dose response group and five from and adult (circles, n = 6) papillary muscle. Note that tension is a monotonically increasing function of amrinone concentration in the adult. This increase in tension was statistically significant at all amrinone concentrations tested. In the newborn, amrinone caused a decrease in tension at 30 and 100 pg/mL. This decrease was statistically significant. Tension at 200 pg/mL was not significantly different from control, and, similar to the adult, tension at 500 pg/mL was significantly greater than control in the newborn. B shows a similar graph for dP/dt. Once again, note the monotonic increase in dP/dt in the adult and a decrease in dP/dt at the lowest concentration of amrinone in the newborn. The newborn developed a significant increase in dP/dt at the highest amrinone concentration. Voltage clamp experiments. Two-s voltage clamp steps to + 10 mV were imposed on newborn papillary muscles before and after exposure to amrinone concentrations of 30 and 500 pg/mL. As summarized in Table 1 , 3 0 pg/mL of amrinone had no effect on T400, Ttonio or the P/T ratio despite the fact that there was a significant decrease in twitch tension at this concentration. Conversely, 500 pg/mL amrinone significantly increased twitch tension, Ttoni,, and T400 but had no effect on the P/T ratio ( Table   ? \
DISCUSSION
The major finding of these experiments is the demonstration of a biphasic response of the newborn heart to increasing concentrations of amrinone. Consistent with the observations of previous investigators (9-1 I), peak tension and dP/dt were both depressed in the neonate at amrinone concentrations less than 100 pg/mL. At 500 pg/mL, however, amrinone produced an increase in both peak tension and dP/dt. This biphasic response raises two interesting questions. First, why does the neonatal heart behave differently from the adult heart at low concentrations of amrinone? Second, why does the neonatal heart respond differently to low and high amrinone concentrations? In an attempt to answer these questions, several possibilities were considered.
Effect of lactic acid. It is unlikely that the negative inotropic effect of amrinone at low concentrations is primarily an effect of lactic acid. Consistent with the findings of Binah et al. (lo) , the experiments illustrated in Figure 3 suggest that whereas lactic acid tends to have a dose-dependent negative inotropic effect in the newborn, this effect does not reach statistical significance. Thus, whereas the negative inotropic effect of lactic acid may contribute to tension suppression by low dose amrinone in the neonate, other mechanisms must play a role. Moreover, tension suppression by lactic acid is minimal at low concentrations where the negative effect of amrinone is most prominent.
Effects of amrinone on relaxation. It has been suggested that a positive inotropic effect occurs in mature myocardium when the sequestration of Ca2+ by the SR is enhanced (18) (19) (20) (21) . This increased Ca2+, when rereleased on subsequent beats, results in increased tension development. Sys et al. (12) conjecture that amrinone acts to enhance the contribution of CaL+ sequestered by the SR to tension generation in adult myocardium. If this were the case, one might expect that neonatal myocardium, whose SR has been shown to be immature functionally (1 3, 14, 22) , would fail to demonstrate a positive inotropic effect in response to amrinone. The finding that low dose amrinone had no effect on HRT in newborn myocardium, while significantly reducing HRT in the adult (an effect that has been reported previously) (23) , provides evidence that lower concentrations of amrinone may stimulate the mature but not the immature SR. This lack of stimulation of the SR in the newborn may explain, in part, the absence of a positive inotropic response of immature myocardium to lower doses of amrinone. The negative inotropic effect of low dose amrinone on the neonatal heart, however, cannot be explained in this manner. In addition, the significant decrease in HRT at 500 Fg/rnL in the neonate suggests a possible role for the SR at this higher concentration.
Efect of action potential conjguration on tension development. It has been shown previously that tension development in neonatal heart is more dependent on the degree and duration of depolarization than in the adult (13) . Thus, small changes in action potential plateau height and duration may significantly affect tension development in newborn myocardium. At low concentration, amrinone was shown to significantly reduce the duration of the newborn action potential. For this reason, experiments were carried out using the single sucrose gap voltage clamp technique to provide a uniform level and duration of depolarization, and thus eliminate plateau height and duration of the action potential as variables. During voltage clamp steps to the plateau level, tension measurements were made at a time comparable to the normal action potential duration (400 ms), and at the end of a 2 s clamp step when the tension had reached its final steady state value (see Table I ). Both T400 and T,,,,, were unchanged by the addition of low dose amrinone, despite the fact that twitch tension was significantly reduced in the same group of muscles. This result suggests that the negative inotropic effect of amrinone is the result of changes in the electrical activity of the cell membrane, and not a true alteration of the basic mechanisms of intracellular Ca2+ regulation.
DifSerential efect of low and high dose amrinone. The positive inotropic effect of high concentrations of amrinone on the neonatal heart might be expected to result from one of two basic mechanisms: 1) enhanced activity of the functionally immature sarcoplasmic reticulum; or 2) enhanced Ca2+ influx. The finding that addition of high dose amrinone increased both T400 and TlOnic as well as twitch tension, excludes the possibility that the inotropic effect is due to changes in action potential configuration alone.
It has been shown previously that the P/T ratio measured during a long voltage clamp step to the plateau level, is an indicator of the relative contributions of Ca2+ release from the SR and Ca2+ influx from the extracellular space to tension generation. An increase in the P/T ratio indicates enhanced activity of the SR (13) . The experiments reported in Table 1 indicate that the P/T ratio was unaffected by amrinone. This result suggests that high dose amrinone does not increase tension in the neonatal myocardium by increasing SR Ca2+ release as compared with Ca2+ influx across the sarcolemma. Rather, it would appear that high concentrations of amrinone increase tension in neonatal myocardium both by increasing Ca2+ influx and by enhancing Ca2+ sequestration and rerelease by the functionally immature SR. This hypothesis is consistent with the previous suggestion that bipyridine derivatives increase tension in adult myocardium via multiple mechanisms (24) .
In conclusion, amrinone has been shown to have a differential effect on newborn and adult myocardium. At low doses, amrinone depresses tension in immature myocardium by altering the level and duration of depolarization. At high doses of amrinone, tension development in the newborn is enhanced by a combination of increased transsarcolemmal Ca2+ influx and enhanced uptake and rerelease of Ca2+ from the SR. It is possible that immaturity of receptors, Ca2+ transport systems or the SR may be responsible for the higher concentrations of amrinone needed to achieve a positive inotropic effect in the newborn.
